Stability of Alclad plates by Buchert, Kenneth P
NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 
TECHNICAL NOTE 1986 
STABILITY OF A U  LAD PLATES 
By Kenneth P. Buchert 
Lmgley Aeronautical Laboratory 
Langley A i r  Force Base, Va. 
Washington 
-December 1M9 
https://ntrs.nasa.gov/search.jsp?R=19930082706 2020-06-17T21:45:30+00:00Z
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
TlZCHJ!lICAL NOTE 1986 
STABILITY OF ALCLAD PLATES 
By Kenneth P. Buchert 
SUMMARY 
On the basis  of p l a s t i c i t y  theory a theoret ical  solution f o r  the 
buckling of Alclad p la tes  has been developed. Both the d i f f e ren t i a l  
equation of equilibrium of the buckled p la te  and the  energy expression 
are  derived. Results a re  presented f o r  the buckling of long simply 
supported plates  under longitudinal compression and under shear, and 
f o r  a plate-column. Good agreement i s  shown between the theoret ical  
values f o r  a simply supported p la te  and available experimental resu l t s ,  
which a re  f o r  channel and Z-sections i n  compression. A comparison of 
the theoret ical  and experimental r e su l t s  f o r  a s t r i p  or  narrow column 
shows good agreement i n  the high s t r e s s  region and shows tha t  i n  the 
low s t r e s s  region the theoret ical  r e su l t s  tend t o  overestimate the 
buckling s t ress .  
INTRODUCTION 
Most of the sheet used i n  a i r c r a f t  is  Alclad sheet. An Alclad or 
aluminum-covered sheet has a high-strength aluminum-alloy core, which 
i s  covered on each side with a coating of almost pure aluminum with a 
high resistance t o  corrosion but a very low strength. (see f i g .  1.) 
Although the combined thickness of t h i s  s o f t  coating on the two sides  is 
generally only from 5 t o  10 percent of the t o t a l  thickness of the  plate,  
i t s  location a t  the outer f ibe r s  causes the buckling s t r e s s  of an  Alclad 
p la te  t o  be considerably l e s s  than tha t  of a p la te  of 'the same thickness 
made of all core material. 
1 
Because the e l a s t i c  l imi t  of the cladding material occurs at  a 
re la t ive ly  low stress ,  e l a s t i c  theory i s  generally inadequate f o r  the 
prediction of buckling s t resses  and a p l a s t i c i ty  theory should 'be used. 
In  the present paper, Ilyushinl s .general re la t ions  (reference 1 )  fo r  
the p l a s t i c  s t a t e  of s t r e s s  have been used t o  derive the d i f f e ren t i a l  
equation of equilibrium m.d the .energy expression of a p la te  under 
combined loads. 
THEOHETICAL RESULTS 
Equation for Cr i t ica l  Stress 
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The compressive stress acr or shew stress T ~ ~ ,  which is the 
average stress on the gross cross section, a t  which buckling occurs is  
given by the expression 
m 
where 
q plas t ic i ty  reduction factor that  takes into account the reduction 
of the modulus of e las t ic i ty  fo r  stresses above the e las t i c  
range of the cladding material; depends upon the s t ress  and 
the type of plate 
k . nondimensional cri t ical-stress coefficient as used i n  the e las t i c  
range 
E i n i t i d  tangent modulus of core and cladding material. i n  
combination, ksi 
t t o t a l  plate thickness, inches 
p value of Poisson's ra t io  of the composite sheet a t  the buckling 
stress 
b width of plate, inches I 
By use of the symbols i n  appendix A and the theoretical derivations i n  
appendix B, expressions for q are derived in  appendix C for  both 
compression and shear for  Alclad plates with different edge conditions 
and are given i n  table I. 
Calculation of q 
In  order t o  calculate the value of 7 for a given buckling stress, 
values of the tangent and secant moduli of both the core and the 
cladding a s  functions of stress must be known. Since stress-strain 
curves of both the core and the cladding are necessary for  calculating 
these values, two methods of arriving a t  these curves are discussed 
in  the following paragraphs. 
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- One method i s  t o  assume approximate curves for both the core and 
the cladding material. For most engineering purposes, satisfactory 
results  can be obtained by t h i s  method. A s  an i l lustrat ion,  the curve 
for  the core of Alclad 24s-T sheet can be assumed t o  be the same a s  the 
stress-strain curve of bare 2 4 % ~  sheet. The cladding stress-strain 
curve can be assumed t o  be the same as the stress-strain,curve for one- 
half hard aluminum. (see solid-line curve i n  f ig .  2. ) 
A second and generally more accurate method of obtaining the stress- 
s t ra in  curves of the core and the cladding i s  t o  adopt an approximate 
stress-strain curve of the cladding only, and with a stress-strain curve 
of the composite sheet determined from a simple compression or tension 
t e s t  and the percent of cladding given, calculate the stress-strain 
curve of the core. Since the cladding i s  a small percentage of the 
t o t a l  plate thickness, errors i n  the selection of the cladding stress- 
s t ra in  curve w i l l  have a very s m a l l  effect on the calculated stress- 
strain.curve of the core. For example, the dotted-line conservative 
stress-strain curve for  the claddlng shown i n  figure 2 gives practically 
the same stress-strain curve for  the core material of Alclad 24s-T84 
sheet with 5.7 percent cladding as the solid-line &ve. (see f ig .  3 
for  calculated stress-strain curve of core.) 
The error i n  the calculated value of q for  a given error i n  the 
assumed cladding stress-strain curve w i l l  generally be small for  plates 
but may be appreciable for  columns. To i l lus t ra te ,  the solid-line and 
dash-line q curves for  plates shown in  figure 4 and for  columns shown 
in  figure 5 were calculated by using the solid- and dash-line stress- 
s t ra in  curves, respectively, for  the cladding (2s-HL4) given in  
figure 2. ' The large difference i n  the theoretical values of 7 for  
columns is due t o  the fact  that 7 varies almost directly a s  the 
tangent modulus and, for  s trains between 0.001 and 0.002, the tangent 
moduli of the two assumed stress-strain curves of the cladding di f fer  
considerably. 
For the evaluation of q by the formulas presented, the percentage 
of cladding is needed. If the percentage of cladding i s  not known, it 
can be determined from the stress-strain curve of the composite sheet 
by the approximate equation 
' E l  Percent &adding = 100 (1 - ,F) 
-'> - - 
where E i s  the primary modulus o,f elast ici ty,  or the in i tdal  slope of 
. the composite stress-strain curve, a d  E l  is the secondary modulus of 
e las t ic i ty  or the slope of the composite stress-strain curve a f te r  the 
cladding material'has become plast ic  and the core material i s  s t i l l  
,a- ' . . --elastic. 
m r 2 -  - 
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COMPARISON OF TIEORY AND EXPERIMENT 
Experimental data available f o r  the buckling of f l a t  Alclad p la t e s  
i n  compression and f o r  Alclad s t r i p  or narrow columns are  compared i n  
the following paragraphs with the corresponding theoret ical  values 
calculated by the formulas derived i n  appendix C. 
- -;,I '" .: < 
Fla t  p la tes  i n  compression. - 'studies of the p l a s t i c  buckling of 
f l a t  p la tes  i n  e i ther  compression or shear (references 2 and 3)  show 
tha t  the curve of 7 plo t ted  against p l a s t i c  buckling s t r e s s  i s  almost 
independent of the amount of r e s t r a in t  against ro ta t ion  at the side 
edges of the plate .  The same relationship might reasonably be expected 
t o  be t rue f o r  an Alclad p la te .  Compression t e s t s  were therefore made 
on channel and Z-sections formed from Alclad 2 4 ~ - ~ 8 4  with 5.7 percent 
cladding i n  the manner described i n  reference 4 f o r  the determination 
of plate  buckling strength. The r e su l t s  are  given i n  tab le  I1 and 
plot ted i n  figure 4 where theoret ical ly  computed curves a re  also 
plotted. The exper,imental points follow the trend and agree f a i r l y  
well with the theoretical curves based upon estimates tha t  are  believed 
t o  be reasonable estimates f o r  the properties of the cladding material 
(s t ress-s t rain curves of f i g .  2 ) .  
S t r ip  columns.- The r e s u l t s  of the strip-column t e s t s  reported i n  
reference 5 are  plotted i n  f igure 5 where theoret ical  curves fo r  th5s 
case based upon the composite s t ress -s t ra in  curves of reference 6 a re  
a l so  plotted. For values of acr above about 20 k s i  the experimental 
points agree well with the  theore t ica l  curves based upon the cladding 
s t ress -s t ra in  properties of f igure 2. For s t resses  below t h i s  point 
the separation of the so l id  and dash-line theoret ical  curves and the 
trend of the plot ted experimental data suggest the importance of knowing 
accurately the s t ress -s t ra in  curve for  the cladding i f  accurate predic- 
t ions  are  t o  be made of the strip-column strength i n  t h i s  s t r e s s  range. 
1 _ 
.. .I- CONCLUSIONS 
The theoret ical  r e su l t s  of t h i s  paper, two of which were checked 
experimentally, show that  the buckling s t r e s s  of an Alclad plate  
can be calculated by using the same type formula a s  tha t  which w a s  used 
i n  NACA Rep. 898 t o  f ind  the p la s t i c  buckling s t r e s s  of a plate  made of 
one material. The buckling-stress formula contains a p la s t i c i ty  
reduction factor  tha t  takes in to  account the reduction of the modulus of 
e l a s t i c i t y  fo r  s t resses  above the e l a s t i c  range of the cladding material. 
This fac tor  i s  a function of the percentage of cladding and the tangent 
m d  secant moduli of both the core and the cladding. If the 
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s tress-s t rain curves of both the core and the cladding are  known, 
therefore, the c r i t i c a l  buckling s t r e s s  of the Alclad p la te  may 
be calculated. 
Langley Aeronautical Laboratory 
National Advisory Committee fo r  Aeronautics 
Langley Air Force Base, Va., September 15, 1949 
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SYMBOLS 
r a t i o  of cladding thickness t o  core thickness 
(see f ig .  1 )  
width of plate  or column 
width of flange of channel or Z-section 
width of web of channel or Z-section 
p la s t i c i ty  coefficients (see pp. 15 and 16. ) 
Cl,,c2,, -c7, p l a s t i c i ty  coefficients f o r  pure compression 
(see p. i8. ) 
CIT ~ ' 2 ~  9 * "TT p l a s t i c i ty  coefficients for  pure shear (see p. 24.) 
~~h~ Dc'  = -
9 f lexural  r ig id i ty  of the core using Poisson's 1 r a t i o  a s  - 2 
e i  = s t r a i n  intensi ty  
i n i t i a l  tangent modulus of core and cladding 
material i n  combination 
tangent modulus of core material a t  a s t r e s s  equal 
t o  0% 
secant modulus of core material a t  a s t r e s s  equal 
t o  u i  
, 
tangent modulus of cladding material a t  a s t ress  
equal t o  135 
secant modulus of cladding material at a s t r e s s  
equal t o  7 ? i  
secondary modulus of e l a s t i c i t y  of the composite 
Alclad sheet 
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thickness of core 
nondimensional c r i t ica l -s t ress  coefficient a s  used 
i n  e l a s t i c  range 
nondimensional critTcal-stress coefficient f o r  
dnannel or Z- sect ion 
length of column or  plate  
bending moment per inch about y-axis 
bending moment per inch about x-axis 
twisting moment per inch 
force per inch i n  x-direction a t  buckling 
force per inch i n  y-direction at buckling 
shear force per inch a t  buckling 
t o t a l  plate  thickness 
s t r a i n  energy i n  plate  during buckling 
deflection of p la te  normal t o  xy-plane 
rectangular coordinates 
distance measured normal t o  p la te  from middle 
surface 
distance from middle surface of p la te  t o  neutral  
axis 
shear s t r a in  i n  xy-plane 
used a s  variation i n  parameter a t  buckling 
s t r a i n  i n  x direction 
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I 
strain i n  y-direction 
middle-surface s t ra in  variations i n  x- and y- 
directions, respectively, a t  buckling 
middle -surface shear -strain variation a t  buckling 
plast ici ty reduction factor that takes into account 
reduction of modulus of e las t ic i ty  for stresses 
above e las t ic  range of cladding material; 
depends upon stress and type of plate 
. -. 1 
.a; 8 -  
half wave length of buckle 
value of Poisson's ra t io  of composite sheet a t  
buckling stress 
stress i n  x-direction in core material 
stress i n  x-direction in cladding material 
stress in-y-direction i n  core material 
& 
OY stress i n  y-direction in  cladding material 
0% = Jox2 + uy2 - uxuy + 332 stress intensity i n  core material 
ci = Jsx2 + TTY2 - BXSy + 3r2 stress intensity i n  cladding material 
axel,ayeljaeltTel c r i t i ca l  stresses i f  both core and cladding material 
are e las t ic  
d$$+;r, fly,, a,,, Tcr c r i t i ca l  stresses i n  Alclad sheet a t  buckling 
shear stress i n  xy-plane i n  core material 
shear stress i n  xy-plane in  cladding material 
curvatures developed in  x- and y-directions, 
respectively, a t  buckling 
twist developed i n  buckling 
APPENDIX B 
TIBORETICAL DERIVATIONS 
The same procedure may be used t o  derive the p las t i c  buckling 
s t ress  of a plate  a s  tha t  which w a s  used i n  deriving the e l a s t i c  
buckling s t r e s s  i f  suitable polyaxial s t ress-s train relat ions are used. 
These s tress-s train relat ions replace Hookets l a w  i n  the p las t i c  s t r e s s  
region and reduce t o  Hookets law i n  the e l a s t i c  s t r e s s  region. I n  t h i s  
appendix the two-dimensional p la s t i c  polyaxial s t ress-s train re la t ions  
of the Hencky theory are described and then used t o  derive the d i f fer -  
en t i a l  equation of equilibrium and the energy expression of a buckled 
Alclad plate .  These s t ress-s t ra in  relat ions a r e  the same as those 
used i n  references 2 and 3. 
Stress-strain relations.-  The Hencky deformation theory of 
p la s t i c i ty  i s  based on the hypothesis tha t  i f  a certain function of the 
s t resses  a t  a point (the s t r e s s  intensi ty) ,  
..- - .. 
... 
,- \A i s  plotted against a certain function of the s t ra ins  a t  the same point 
(the s t r a in  intensi ty)  
a unique curve f o r  a l l  combinations of s t resses  and compatible s t r a ins  
- 
i s  obtained. This re la t ion  as used i n  the  present derivations i s  
assumed t o  hold for  both loading (increasing ai) and unloading 
(decreasing oi). The material i s  assumed t o  be incompressible, fo r  
which case Poisson's r a t i o  i s  112. . * 
, - 
' 8 ,  !:, r z - 6 ,  - I - 
* z ,:F? 
I 0 - .* 
, . 
5 
- f - 
w - 
- - . - 
-. : - r i  : ? .  n a :I :k!: < ! 
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The re la t ions  between the individual s t resses  and s t r a ins  a re  
/ 
where Es i s  the secant modulus taken from the uniaxial compressive 
s t ress -s t ra in  curve a t  a s t r e s s  equal t o  ai. 
When buckling occurs l e t  EX, EY, and 7 vary s l igh t ly  from t h e i r  
values before buckling. These variat ions 8cX, 6ey, and 67 w i l l  a r i s e  
par t ly  from the variations of middle-surface s t ra ins  and pa r t ly  from 
s t r a ins  due t o  bending. If €1 and €2 are  middle-surface s t r a i n  
variations, €3 is  the middle-,surface shear-strain variation, X 1  
and Xe are  the changes i n  curvature, ~3 i s  the change i n  twist, and z 
is  the distance out from the middle of the plate,  then 
8EX = El - 
6cy = €2 - Z X ~  
A s  buckling occurs, these variations i n  s t r a in  6cX, 6cY, and 67 cause 
corresponding variations i n  the s t r e s s  quantit ies S,, Sy, and T. 
The calculation of the variation i n  Sx w i l l  be shown i n  de ta i l .  
From equations ( 3 )  
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and the  variat ion i n  Sx therefore becomes 
dai 
i s  the secant modulus Es and - Since - de i i s  the tangent e i 
modulus Et, 
I n  t h i s  equation f o r  6Sx it i s  convenient t o  express 6e i  i n  terms 
of the coordinate z and aLso 20, the distance from the middle 
surface. of the p la te  t o  the neutral  axis. From equations (I) ,  (2), 
and ( 3 )  it can be,  shown tha t  
and 
Subtracting equation (6) from equation (7) ,  substi tuting f o r  the  
variations 6ai, 6ax, 6uy, and 67, t h e i r  values obtained from equa- 
t i o n  (3),  and neglecting second order terms gives 
Substituting the values of the variations 6ex, 6cy, Etnd 67 from 
equation (4) in to  t h i s  equation gives 
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If 6ei = 0, t h i s  equation w i l l  give the coordinate of the neu t rd  
surf ace 
and eqmtion (8) may be written 
Substituting t h i s  value for 6ei and the value of 6Gx given in  
equation (4) into equation ( 5 )  gives 
Similarly the values of the variation of the s t ress  quantities Sy 
and 7 are 
and 
The variations in  the stresses ax and cry i n  terms of the 
variations in  the stress quantities Sx and Sy are, from equations ( 3 )  
and 
In order t o  use these stress-strain relations t o  derive the 
differential  equation and the energy expression for  an Alclad plate, 
the quantities U i ,  ax, uy, T, Es; and E t  designate the quantities 
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a 
13 
I 8 - *  
- 
that apply t o  the core material, whereas 3i, 5x, uY, 7 ,  Es, and Et 
designate the corresponding quantities that  apply t o  the cladding 
material. 
Differential equa;tion of buckled plate.- In order t o  derive the 
differential equation of equilibrium of the plate, the values of the 
variations of the moments Mx, My, and Mxy due t o  the strain varia- 
tions 6cx, 6cy, and 67, which are obtained by integration of the 
product of s tress and moment arm over the thickness of the plate, are 
substituted into the equilibrium equation (reference 2, equation (15) ) 
In t h i s  equation 6Mx, 6My, and GMxy are the variations i n  Mx, My, 
and Mxy during buckling and w is the deflection of the plate. - 
e 
I 
Each integration fo r  a variation of moment consists of three 
integrals: one over the thickness of the core, and one over each thick- 
ness of the cladding. The variations of the moments Mx, %, and Mw 
are 
7 
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Substituting the 'values of the stress variations given by equations (11) 
and (12) into the equations for  the moment variations given by equa- 
tions (14) gives, with the aid of equations (9) and ( lo) ,  
E sh3 
where Dc' = -9 
The differential equation of equilibrium can now be written by 
substituting the moment variations given by equations (15), (16), 
and (17) into equation (13) and recognizing that the changes i n  
curvature X 1  and X2 and the change i n  t w i s t  X 3 are, respectively, 
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Substituting the values of EMx, EMy, and GMxy given i n  equations (15), 
(16), and (17) into t h i s  equation gives 
where 
C6 + C7 = 2C3 
The difference between the s t ra in  energy in  the plate and the work 
done on the plate by the external forces, provided that external 
restraining forces do no work during buckling, is  
gw a 2 ~  +C6-- 
s a y 2  
If no cladding i s  used, t h i s  expression differs  slightly from that  given 
in references 2 and 3. The difference between the two expressions i s  a 
quantity proportional t o  
which can be shown t o  be identically zero for  plates with supported edges. 
The two expressions w i l l  therefore give identical results  for  such plates. 
Other cases in which the two expressions give identical resul ts  occur 
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when C 6  and C 7  are  equal t o  C3 (for  example, single compressive 
loading), i n  which cases the coefficient of the above quantity i s  zero. 
If the integral  (22) i s  s e t  equal t o  zero the resul t ing equation 
may be solved fo r  Nx, Ny, o r  Nxy and minimized t o  obtain the c r i t i c a l  
force per inch at buckling. This minimization i s  equivalent t o  
minimizing the integral  (22). The average c r i t i c a l  s t resses  are 
. - I . .  ' . 
" , I# .  
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The 3heor-y w i l l  now be applied t o  the following cases: long simply 
supported plate in compression, plate-column, and long s h p l y  supported 
plate in shear. 
Long simply supported plate i n  compression.- The plast ic  buckling 
of a long Alclad plate subject t o  longitudinal compression with the 
edges hinged i s  solved by using the energy method. If the plate is 
compressed in the x-direction .only 
and the coefficients reduce t o  
With these substitutions the energy expression when solved for  Nx 
becomes 
If the deflection surface i s  
sOC 
W = cos cos - b X 
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b 
where y = k- a re  the unloaded edges which are  simply supported and X 2 
i s  the half wave length of buckle, equation (24) reduces t o  
The average c r i t i c a l  s t r e s s  i s  obtained by dividing the smallest 
value of the load per inch Nx by the t o t a l  thickness ( 1  + 2a)h. I n  
order t o  f ind  the  minimum value of Nx 
which gives 
2 
Substitution of t h i s  value of ( )  into equation (25) and dividing 
by ( 1  + 2a)h gives f o r  the c r i t i c a l  s t r e s s  
The corresponding c r i t i c a l  s t r e s s  i f  both core and cladding material  
a re  e l a s t i c  i s  
If q is  defined a s  the r a t i o  of the actual  c r i t i c a l  s t r e s s  t o  
the c r i t i c a l  s t r e s s  obtained on the assumption of perfect e l a s t i c i t y  oxel 
then I - w - 
- . -  
Since Poisson's r a t i o  i s  taken a s  112 i n  the computation of each of 
these stresses,  an e r ror  is  ordinarily present i n  both stresses,  but 
most of t h i s  e r ror  i s  eliminated i n  the process of division t o  obtain 7.  
If both the core and the cladding material a re  e las t ic ,  q = 1. 
Plate loaded as a column.- TL,s problem of the p la s t i c  buckling of 
a rectangular Alclad p la te  i n  compression with the unloaded edges f r e e  
i s  solved by using the differential-equation method. I f  the p ia te  i s  
compressed i n  the  x-direction only, the d i f fe rent ia l  equation given i n  
equation (21) reduces t o  - 
S . '  
where Cl,, C30, and C5a are  the same as i n  the preceeding example. 
The boundary conditions are 
b 
where y = +- a r e  the unloaded edges t h a t  a re  f r ee  and x = 0,2 are  
-2 
the ends of the column where the bending molllent and shear are  zero. 
NACA TN 1986 
A deflection function that  sa t i s f i es  the differential equation and 
sa t i s f i es  the f i r s t ,  third, and fourth of these boundary conditions i s  
L 
where 
a ~rx 
w = (q cos cosh 9 + p cosh - cos 9 ) c o s  i b 2 
In order t o  satisfy the second boundary condition it is required that  
which i s  the buckling criterion the solution of which gives the buckling 
stress. 
In solving equation (27) it i s  convenient t o  l e t  the quanity 
that  appears i n  the definition of a and P 
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where k 2  i s  a quantity that  w i l l  depend on the length-width 
ra t io  (i ) of the plate. Then 
and the buckling criterion given by equation (27) becomes 
This s tab i l i ty  criterion i s  the same a s  that obtained i n  reference 2, 
equation (33). Although a separate solution of equation (29) is  required 
for  each value of 4, only the three solutions given in  reference 2 are 
U 
considered here: for short columns (t << l), k2 :: 0; fo r  a square plate 
2 ($ = 1) , E~ = 0.15375; and for a long column (ij >> I), k2 = $. With 
the values of 5' known, the value of the nondimensional cri t ical-stress 
coefficient k given by equation (28) i s  substituted into the expression 
for  the load per inch Nx and the result  divided by the thickness of 
the plate (1 + 2a)h t o  give the c r i t i ca l  s tress in terms of k2 as  
Nx 
'xcr = (1+2a)h = (1 + 2a) 
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h. 
where p = -w 
The corresponding critical stress if both core 'asd cladding mterial 
are elastic is 
The plasticity reduction factor q, which is the ratio of the 
actual critical stress to the critical stress a+1 obtained on the 
assumption of perfect elasticity, is 
,- \ 
For a short plate-column , f2 = 0 and 
For a square plate-column (t = l), t2 = 0.15375 and 
1 For a long plate-column (k >> l), f2 = and 
Long simply supported plate i n  shear.- The plast ic  buckling of a 
long Alclad plate subject t o  shear with the edges hinged is solired by 
using the energy method. If the plate i s  under pure shear 
. I .  
With these substitutions the energy expression when solved for N= 
be come s : 
If the approximate deflection surface which was used i n  the e las t ic  
stress region (see reference 7) 
w = s in  3 sin n(x - ay) b A ,  
where y = 0,b are the long sides of the plate, X is the half wave 
length of buckle, and a i s  the slope of the nodal lines, i s  assumed 
satisfactory for the plast ic  stress region and i s  substituted into 
equation (30), the load per inch Nxy becomes 
The c r i t i c a l  s t ress  i s  obtained by dividing the smallest value 
of the load per inch Nxy by the t o t a l  thickness (1 + 2a)h. In order 
t o  find the minimum value of Nw 
and 
The f i r s t  minimization gives 
The second minimization gives 
2 -'T 
Substitution of the value of ( into equation (31) and dividing 
by ( 1  + 2a)h gives fo r  the c r i t i c a l  s t ress  
where a i s  determined by equation (32). The c r i t i c a l  shear 
s t ress  T e l  when both the core material and the cladding material are  
e l a s t i c  is 
As i n  the preceding cases, the plas t ic i ty  reduction factor q i s  the 
ra t io  of the actual c r i t i ca l  s t ress  t o  the c r i t i c a l  stress obtained on 
the assumption of perfect e las t i c i ty  or . 
where a i s  given by equation (32). 
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TABLE 11 
DIMENSIONS AND TEST RESULTS FOR 2 4 ~ - ~ 8 4  ALCLAD CHANNEL- AND Z-SECPON 
COLUMNS THAT DEVELOP LOCAL INSTABILITY 
Specimen I(in.1 
nel sl 
14.49 
14.49 
15.27 
15.27 
15 27 
22.03 
22.03 
22.03 
22.38 
22.03 
22.38 
22.38 
22.38 
30.97 
30 097 
31.13 
30.97 
30497 
30.97 
34.39 
36.00 
35 75 
36.00 
35.75 
36.00 
36.00 
38 50 
38.50 
39-18 
38.98 
38.9e 
38.92 
38.78 
38 98 
-
:-sect 
bF 
-
bw 
c t  ion 
-
0.580 
,580 
.621 
,628 
.629 
.416 
.417 
.419 
.474 
.476 
.478 
.506 
; 510 
-303 
307 
307 
.405 
.406 
.407 
0509 
.356 
.362 
363 
.437 
.440 
.440 
507 
.513 
-317 
.320 
.321 
.363 
.366 
.366 
ion 
(ksi)  (ksi) 
'cr'q I Ocr I 
Figure I.- Alclod sheet. 
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"' ': Figure 2.- Assumed stress-strain curves of cladding. 
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Figure 3.- Stress -strain curves of Alclod 2 4 ~ - ~ 8 3  aluminum- 
alloy sheet with 5.7 percent clodding. 
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Figure 4:-Theoretical values of Q for a 'simply supported 
plate in compression and . experimental ' points for Za ond 
channel sections made of Alclad 24s-T84 oluminum- 
alloy sheet with 5.7 percent clodding. 
ccr ,ksi 
Figure 5.-Theoretical and experimental values of 7 
for o long column made of Alclad 24s-T sheet 
with II percent cladding. 
